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Postdoctoral	
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8%	
  

Other	
  Professionals	
  

11%	
  

Senior	
  
Researchers	
  

29%	
  Graduate	
  
Students	
   32%	
  

Undergraduates	
  

20%	
  

*Es=mated	
  for	
  FY	
  2017	
  

People	
  Do	
  Science:	
  29,300	
  People	
  in	
  MPS	
  Ac=vi=es*	
  

Mathema-cal	
  and	
  Physical	
  Sciences	
  
Source:	
  NSF/	
  Center	
  for	
  Na-onal	
  Science	
  and	
  Engineering	
  Sta-s-cs,	
  FY	
  2014	
  

All	
  Science	
  and	
  Engineering	
  Fields	
   Frac-on	
  of	
  Federal	
  Support	
  	
  

NSF	
  Supports	
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1970	
   1975	
   1980	
   1985	
   1990	
   1995	
   2000	
   2005	
   2010	
   2015	
  

NSF	
  Budget*	
  

Fiscal	
  Year	
   *Constant	
  2014$	
  

ARRA	
  

$	
  0	
  M	
  

$	
  4000	
  M	
  

$	
  8000	
  M	
  

$	
  6000	
  M	
  

$	
  2000	
  M	
  

NSF	
  Funding	
  History 

1985	
   1995	
  

1998	
   2004	
  

Mathema-cal	
  and	
  Physical	
  Sciences	
  

FY	
  2016	
  Omnibus	
  Bill 

NSF	
  
R&RA	
  

FY	
  2016	
  (request)	
  
$	
  7724	
  M	
   5.2%	
  
$	
  6186	
  M	
   4.2%	
  

$	
  7344	
  M	
  
$	
  5934	
  M	
  

FY	
  2015	
  

$	
  7463	
  M	
   1.6%	
  
$	
  6034	
  M	
   1.7%	
  

FY	
  2016	
  (es=mate)	
  
NSF	
  

R&RA	
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NSF	
  
R&RA	
  

FY	
  2017	
  
(Total	
  Request)	
  
$	
  7964	
  M	
   6.7%	
  
$	
  6425	
  M	
   6.5%	
  

$	
  7463	
  M	
  
$	
  6034	
  M	
  

FY	
  2016	
  
(Es=mate)	
  

The	
  President’s	
  Request	
  to	
  Congress	
  

Two	
  Components	
  to	
  R&RA	
  

Discre=onary	
   $	
  6034	
  M	
   $	
  6079	
  M	
   0.8%	
  
Mandatory*	
   -­‐-­‐	
   $	
  346	
  M	
   -­‐-­‐	
  

Total	
   $	
  6034	
  M	
   $	
  6425	
  M	
   6.5%	
  

*Direct	
  spending	
  (not	
  subject	
  to	
  discre-onary	
  caps)	
  
One-­‐year	
  dura-on	
  

Mathema-cal	
  and	
  Physical	
  Sciences	
  

FY	
  2016	
  
Es-mate	
  

FY	
  2017	
  
Discre-onary	
  

FY	
  2017	
  
Mandatory	
  

FY	
  2017	
  
Total	
  

Research	
  &	
  Related	
  Ac-vi-es	
   $	
  6034	
   $	
  6079	
   0.8%	
   $	
  346	
   $	
  6425	
   6.5%	
  

Educa-on	
  &	
  Human	
  Resources	
   880	
   899	
   2.1%	
   	
  	
  	
  	
  	
  54	
   953	
   8.3%	
  

Major	
  Res	
  Equip	
  &	
  Facili-es	
  Const.	
   200	
   193	
   -­‐3.6%	
   193	
   -­‐3.6%	
  

Agency	
  Opera-ons	
  &	
  Award	
  Mgmt.	
   330	
   373	
   13%	
   373	
   13%	
  

Na-onal	
  Science	
  Board	
   4	
   4	
   4	
  

Office	
  of	
  the	
  Inspector	
  General	
   15	
   15	
   15	
  

Total	
  NSF	
   $	
  7463	
   $	
  7564	
   1.3%	
   $	
  400	
   $	
  7964	
   6.7%	
  

FY	
  2017	
  Request	
  by	
  Appropria=on	
  

($	
  in	
  millions)	
  Totals	
  may	
  not	
  add	
  because	
  of	
  rounding	
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MPS	
  Budgets	
  by	
  Divisions	
  

AST	
   CHE	
   DMR	
   DMS	
   PHY	
  

$	
  1300	
  M	
  
FY	
  2014	
  

3.5%	
   0.3%	
  

$	
  1345	
  M	
  
FY	
  2015	
  

$	
  300	
  M	
  

MPS	
  Budget	
  

$	
  200	
  M	
  

$	
  100	
  M	
  

$	
  0	
  M	
  

FY	
  2014	
  

FY	
  2015	
  
FY	
  2016	
  (es=mate)	
  

$	
  1349	
  M	
  
FY	
  2016	
  

(es=mate)	
  

FY	
  2017	
  (request)*	
  

*discre=onary	
  and	
  mandatory	
  funding	
  

6.5%	
  
$	
  1436	
  M	
  
FY	
  2017	
  

(request)*	
  

Mathema-cal	
  and	
  Physical	
  Sciences	
  

FY	
  2016	
  
Es-mate	
  

FY	
  2017	
  
Discre-onary	
  

FY	
  2017	
  
Mandatory	
  

FY	
  2017	
  
Total	
  

Astronomical	
  Sciences	
  (AST)	
   $	
  246.73	
   $	
  247.73	
   0.4%	
   $	
  14.88	
   $	
  262.61	
   6.4%	
  

Chemistry	
  (CHE)	
   246.31	
   247.31	
   0.4%	
   	
  	
  	
  14.85	
   262.16	
   6.5%	
  

Materials	
  Research	
  (DMR)	
   310.03	
   311.03	
   0.3%	
   	
  	
  	
  18.68	
   329.71	
   6.3%	
  

Mathema-cal	
  Sciences	
  (DMS)	
   234.05	
   235.05	
   0.4%	
   	
  	
  	
  14.12	
   249.17	
   6.5%	
  

Physics	
  (PHY)	
   277.03	
   278.53	
   0.5%	
   	
  	
  	
  16.73	
   295.26	
   6.6%	
  

Mul-disciplinary	
  Ac-vi-es	
  (OMA)	
   35.00	
   35.41	
   1.2%	
   	
  	
  	
  	
  	
  2.13	
   37.54	
   7.3%	
  

Total	
  MPS	
   $	
  1349.15	
   $	
  1355.06	
   0.4%	
   $	
  81.39	
   $	
  1436.45	
   6.5%	
  

MPS	
  FY	
  2017	
  Request	
  by	
  Division	
  

($	
  in	
  millions)	
  Totals	
  may	
  not	
  add	
  because	
  of	
  rounding	
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Mandatory	
  Spending	
  Category	
  $	
  81	
  M	
  	
  

Individual	
  inves=gators	
  
Early	
  career	
  inves=gators	
  

Unsolicited	
  proposals	
  (“core”)	
  
Computa=on	
  and	
  data	
  

26%	
  

28%	
  

Avg.	
  Annual	
  	
  
Award	
  Size	
  

$149K	
  
$149K	
  

Median	
  Annual	
  
Award	
  Size	
  

$150K	
  

$125K	
  

Research	
  Awards	
  

2300	
  
2100	
  

FY	
  16	
  
FY	
  17	
  

Quantum	
  Informa=on	
  Science	
  
Op=cs	
  and	
  Photonics	
  

Clean	
  Energy	
  

Three	
  Promising	
  Topics	
  
Na-onal	
  Strategic	
  	
  

Compu-ng	
  
Ini-a-ve	
  (NSCI)	
  

Presiden-al	
  Priority	
  

Mathema-cal	
  and	
  Physical	
  Sciences	
  

FY	
  2016	
  
FY	
  2017	
  

SEES	
   INFEWS	
   BioMaPS	
  DMREF	
   CIF21	
  UtB	
   Midscale	
   OP	
  

$	
  67	
  M	
  

$	
  40	
  M	
  

$	
  30	
  M	
  

$	
  20	
  M	
  

	
  $	
  10	
  M	
  

$	
  0	
  M	
  

4%	
  Midscale,	
  OP	
  
$	
  59	
  M	
  5%	
  Major	
  Ini-a-ve	
  

Funding	
  

Selected	
  Investments	
  in	
  Ini=a=ves	
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• Biology,	
  Mathema-cal,	
  and	
  Physical	
  Sciences	
  Interface	
  

• Cyberinfrastructure	
  Framework	
  for	
  the	
  21st	
  Century	
  
• Designing	
  Materials	
  to	
  Revolu-onize	
  and	
  Engineer	
  our	
  Future	
  

• Innova-on	
  Corps	
  	
  • INCLUDES	
  	
  • Innova=ons	
  at	
  the	
  Nexus	
  of	
  Food,	
  Energy,	
  and	
  Water	
  Systems	
  
• Na-onal	
  Science	
  Founda-on	
  Research	
  Traineeship	
  

• Risk	
  and	
  Resilience	
  
• Science,	
  Engineering,	
  and	
  Educa-on	
  for	
  Sustainability	
  

• Secure	
  and	
  Trustworthy	
  Cyberspace	
  
•  Understanding	
  the	
  Brain	
  

Ini=a=ves	
  
Midscale,	
  OP	
  

MPS	
  Par=cipa=on	
  in	
  NSF-­‐Wide	
  Ini=a=ves	
  

6.4%	
  of	
  MPS	
  Request	
  

BioMaPS,	
  CIF21,	
  DMREF,	
  I-­‐Corps,	
  INCLUDES,	
  
INFEWS,	
  NRT,	
  R&R,	
  SEES,	
  SaTC,	
  UtB	
  

$	
  92.5	
  M	
  

Mathema-cal	
  and	
  Physical	
  Sciences	
  

CHE,	
  DMR	
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Science	
  Hors	
  d’Oeuvres	
  	
  

Twin	
  Primes	
  Conjecture	
  

300	
  BC	
   0	
   300	
   600	
   900	
   1200	
   1500	
   1800	
   2100	
  AD	
  

Euclid	
  
Great	
  Wall	
  
210	
  BC	
   Fall	
  of	
  Rome	
  

476	
  
Prin=ng	
  Press	
  

1440	
  

Declara=on	
  of	
  
Independence	
  

1776	
  
NSF	
  
1950	
  

Yitang	
  Zhang	
  
2013	
  

Ab	
  Ini=o	
  Predic=on	
  of	
  Molecular	
  Crystal	
  Structures	
  

Ice	
  Cube	
  
High	
  Energy	
  Neutrinos	
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Science	
  Hors	
  d’Oeuvres	
  	
  

Advanced	
  Cold	
  Molecule	
  EDM	
  

Order of Magnitude Smaller
Limit on the Electric Dipole
Moment of the Electron
The ACME Collaboration,* J. Baron,1 W. C. Campbell,2 D. DeMille,3† J. M. Doyle,1†
G. Gabrielse,1† Y. V. Gurevich,1‡ P. W. Hess,1 N. R. Hutzler,1 E. Kirilov,3§ I. Kozyryev,3||
B. R. O’Leary,3 C. D. Panda,1 M. F. Parsons,1 E. S. Petrik,1 B. Spaun,1 A. C. Vutha,4 A. D. West3

The Standard Model of particle physics is known to be incomplete. Extensions to the Standard
Model, such as weak-scale supersymmetry, posit the existence of new particles and interactions that
are asymmetric under time reversal (T) and nearly always predict a small yet potentially measurable
electron electric dipole moment (EDM), de, in the range of 10−27 to 10−30 e·cm. The EDM is an
asymmetric charge distribution along the electron spin (S→) that is also asymmetric under T. Using the
polar molecule thorium monoxide, we measured de = (–2.1 T 3.7stat T 2.5syst) × 10−29 e·cm. This
corresponds to an upper limit of jdej < 8.7 × 10−29 e·cm with 90% confidence, an order of magnitude
improvement in sensitivity relative to the previous best limit. Our result constrains T-violating physics
at the TeV energy scale.

Theexceptionally high internal effective elec-
tric field Eeff of heavy neutral atoms and
molecules can be used to precisely probe

for the electron electric dipole moment (EDM),
de, via the energy shift U ¼ −d

→
e ⋅

→
Eeff , where

d
→

e ¼ deS
→
=ðℏ=2Þ, S

→
is electron spin, andℏ is the

reduced Planck constant. Valence electrons travel
relativistically near the heavy nucleus, making Eeff

up to a million times the size of any static lab-
oratory field (1–3). The previous best limits on
de came from experiments with thallium (Tl)
atoms (4) (jdej < 1.6 × 10−27 e·cm) and ytterbium
fluoride (YbF) molecules (5, 6) (jdej < 1.06 ×
10−27 e·cm). The latter demonstrated that mole-
cules can be used to suppress the motional electric
fields and geometric phases that limited the Tl
measurement (5) [this suppression is also present

in certain atoms (7)]. Insofar as polar molecules
can be fully polarized in laboratory-scale electric
fields, Eeff can be much greater than in atoms. The
H3D1 electronic state in the thorium monoxide
(ThO) molecule provides an Eeff ≈ 84 GV/cm,
larger than those previously used in EDM mea-
surements (8, 9). This state’s unusually small mag-
netic moment reduces its sensitivity to spurious
magnetic fields (10, 11). Improved systematic er-
ror rejection is possible because internal state se-
lection allows the reversal of

→
Eeff with no change

in the laboratory electric field (12, 13).
To measure de, we perform a spin precession

measurement (10, 14, 15) on pulses of 232Th16O
molecules from a cryogenic buffer gas beam source
(16–18). The molecules pass between parallel plates
that generate a laboratory electric field Ezz% (Fig.

1A). A coherent superposition of two spin states,
corresponding to a spin aligned in the xy plane, is
prepared using optical pumping and state prep-
aration lasers. Parallel electric (

→
E ) and magnetic

(
→
B ) fields exert torques on the electric and mag-
netic dipole moments, causing the spin vector to
precess in the xy plane. The precession angle is
measured with a readout laser and fluorescence
detection. A change in this angle as

→
Eeff is reversed

is proportional to de.
In more detail, a laser beam (wavelength

943 nm) optically pumps molecules from the
ground electronic state into the lowest rotational
level, J = 1, of the metastable (lifetime ~2 ms)
electronic H3D1 state manifold (Fig. 1B), in an
incoherentmixture of the Ñ ¼ T1,M= T1 states.
M is the angular momentum projection along the
z% axis. Ñ refers to the internuclear axis, n%, aligned
(+1) or antialigned (–1) with respect to

→
E , when

j→E j ≳ 1 V/cm (11). The linearly polarized state
preparation laser’s frequency is resonant with the
H→C transition at 1090 nm (Fig. 1B).Within the
short-lived (500 ns) electronicC state, there are two
opposite-parity P̃ =T1 stateswith J =1,M=0. For
a given spin precession measurement, the laser
frequency determines the Ñ and P̃ states that are
addressed. This laser optically pumps the bright

1Department of Physics, Harvard University, Cambridge, MA
02138, USA. 2Department of Physics and Astronomy, Univer-
sity of California, Los Angeles, CA 90095, USA. 3Department of
Physics, Yale University, New Haven, CT 06511, USA. 4Depart-
ment of Physics and Astronomy, York University, Toronto,
Ontario M3J 1P3, Canada.

*The collaboration consists of all listed authors. There are
no additional collaborators.
†Corresponding author. E-mail: acme@physics.harvard.edu
(D.D., J.M.D., G.G.)
‡Present address: Department of Physics, Yale University, New
Haven, CT 06511, USA.
§Present address: Institut für Experimentalphysik, Universität
Innsbruck, A-6020 Innsbruck, Austria.
||Present address: Department of Physics, Harvard University,
Cambridge, MA 02138, USA.

Fig. 1. Schematic of the apparatus and energy level diagram. (A) A
collimated pulse of ThO molecules enters a magnetically shielded region (not
to scale). An aligned spin state (smallest red arrows), prepared via optical
pumping, precesses in parallel electric and magnetic fields. The final spin
alignment is read out by a laser with rapidly alternating linear polarizations,
X% and Y%, with the resulting fluorescence collected and detected with photo-
multiplier tubes (PMTs). (B) The state preparation and readout lasers (double-lined

blue arrows) drive one molecule orientation Ñ ¼ $1 (split by 2DE ~ 100 MHz,
where D is the electric dipole moment of the H state) in the H state to C,
with parity P̃ = T1 (split by 50 MHz). Population in the C state decays via
spontaneous emission, and we detect the resulting fluorescence (red
wiggly arrow). H state levels are accompanied by cartoons displaying the
orientation of

→
Eeff (blue arrows) and the spin of the electron (red arrows)

that dominantly contributes to the de shift.

REPORTS
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How	
  Round	
  is	
  the	
  Electron	
  ?	
  
Measuring	
  the	
  Electric	
  Dipole	
  Moment	
  of	
  the	
  Electron	
  

l1-­‐norm	
  
signal	
  

processing	
  

Signal	
  processing	
  
research	
  grows	
  

2D	
  camera	
  
2014	
  

1970	
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   2020	
  

2004	
  

World’s	
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  Camera	
  Theory	
  of	
  Compressed	
  Sensing	
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   Analyte	
  

+	
  
Recogni-on	
  

Transduc-on	
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–	
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Chemical	
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Science	
  Hors	
  d’Oeuvres	
  	
  
One	
  Good	
  Cosmic	
  Measure:	
  

Radio	
  Telescopes	
  Resolve	
  Pleiades	
  Distance	
  Debate	
  

NOAO/AURA/NSF	
  

	
  Wikipedia	
  Commons	
  

	
  Distant	
  stars	
  

Distance	
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  light	
  years	
  

Stealthy	
  Nanomaterials	
  for	
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  Use	
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Continuing the monetary analogy, Maldacena intro-
duced the notion of being able to buy something, in this
case gold, in each country. The gold can be taken from
one country to the next, its price is set by each of the
countries, and money can be earned by going back and
forth between the countries. In this analogy, the price of
gold in each country is the Higgs field. Once the price
or gauge is set to a constant value everywhere in space,
this leads to a preferential value for the exchange rates,
and leads to the masses for the W and Z weak bosons. In
Maldacena’s analogy, the Higgs boson arises when there
are two objects, such as gold and silver, to purchase. The
relative price of gold and silver is the Higgs boson; the
ratio behaves as a massive particle. According to Mal-
dacena, it is necessary to have at least two objects to buy
so that when the distances between points in spacetime
becomes very small we can still retain interesting inter-
actions at long distances. 

The Higgs-like boson was produced at the LHC in
an indirect way but according to similar gauge symme-
tries derived from the Standard Model. When protons
collide, they produce many particles. Very rarely, they
produce Higgs bosons. These Higgs bosons decay very
quickly into particles, such as two photons. Since the
Higgs bosons decay too quickly to discern, theorists pre-
dicted that experimentalists could detect the Higgs by
looking at events that have two photons and finding a
bump in the data where two photons would amount to
the mass of the Higgs boson. 

The Higgs boson is the first particle with spin 0. This
leaves only spin 3/2 unrealized in nature. But there is a
strong candidate. Supersymmetry is associated with 3/2,
and it is possible that the LHC will confirm the exis-
tence of supersymmetry, which extends the Standard
Model and unites matter particles and force particles by
pairing them in a single framework. It suggests that the

strong force, the weak force, and the electromagnetic
force become one at very short distances. 

Supersymmetry also naturally leads to a new dark
matter particle that does not emit or absorb light, and
can only be detected from its gravitational effects. Ordi-
nary matter that is explained by the Standard Model
makes up about 4 percent of the universe; dark matter
comprises about 22 percent. 

“We know from astrophysical observations that there
is more matter than what we see,” said Maldacena. 
“If we look at the sky, we see some galaxies sitting there
in the sky, surrounded by what looks like the blackness
of empty space. What we don’t know is whether this
dark matter particle will or will not be produced at 
the LHC.“ 

In the last decade, astronomical observations of several
kinds, particularly of distant supernova and the cosmic
microwave background, also indicate the existence of
what is known as dark energy, a uniform background
field that makes up about 74 percent of the universe and

is credited with accelerating the expansion of the uni-
verse. The presence of dark energy suggests a funda-
mental gap in our current understanding of the basic
forces of nature. 

“Space, time, and quantum mechanics framed the
central dramas of the twentieth century, and really have
taken us shockingly far. The story of the Higgs is the last
example of how far they took us. But in a sense, the
story of the Higgs is one of the last embers of the set of
ideas that we dealt with and understood in the twentieth
century,” said Arkani-Hamed. 

“Relativity and quantum mechanics—the picture of
spacetime that Einstein gave us and quantum mechan-
ics—are incredibly rigid and powerful. The next set of
questions is: Where do these things come from? That’s
the one thing I didn’t question. I just took spacetime
and quantum mechanics and the rest of it followed.
What is the deeper origin of spacetime and quantum
mechanics? This is what you should ask your friendly
neighborhood string theorist.” ■

HIGGS LECTURES (Continued from page 6)
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BY FREEMAN DYSON

John Brockman, founder and proprietor of the Edge
website, asks a question every New Year and invites

the public to answer it. THE EDGE QUESTION 2012
was, “What is your favorite deep, elegant, or beautiful 
explanation?” He got 150 answers that are published in a
book, This Explains Everything (Harper Collins, 2013).
Here is my contribution.

The situation that I am trying to explain is the
existence side by side of two apparently incompatible
pictures of the universe. One is the classical picture
of our world as a collection of things and facts that
we can see and feel, dominated by universal gravita-
tion. The other is the quantum picture of atoms and
radiation that behave in an unpredictable fashion,
dominated by probabilities and uncertainties. Both
pictures appear to be true, but the relationship between
them is a mystery.

The orthodox view among physicists is that we must
find a unified theory that includes both pictures as special
cases. The unified theory must include a quantum theory
of gravitation, so that particles called gravitons must exist,
combining the properties of gravitation with quantum
uncertainties.

I am looking for a different explanation of the mystery.
I ask the question, whether a graviton, if it exists, could
conceivably be observed. I do not know the answer to
this question, but I have one piece of evidence that the
answer may be no. The evidence is the behavior of one
piece of apparatus, the gravitational wave detector called
LIGO that is now operating in Louisiana and in Wash-
ington State. The way LIGO works is to measure very
accurately the distance between two mirrors by bouncing
light from one to the other. When a gravitational wave
comes by, the distance between the two mirrors will
change very slightly. Because of ambient and instrumen-
tal noise, the actual LIGO detectors can only detect
waves far stronger than a single graviton. But even in a
totally quiet universe, I can answer the question, whether
an ideal LIGO detector could detect a single graviton.
The answer is no. In a quiet universe, the limit to the

accuracy of measurement of distance is set by the
quantum uncertainties in the positions of the mir-
rors. To make the quantum uncertainties small, the
mirrors must be heavy. A simple calculation, based
on the known laws of gravitation and quantum
mechanics, leads to a striking result. To detect a sin-
gle graviton with a LIGO apparatus, the mirrors must
be exactly so heavy that they will attract each other
with irresistible force and collapse into a black hole.
In other words, nature herself forbids us to observe a
single graviton with this kind of apparatus.

I propose as a hypothesis, based on this single
thought-experiment, that single gravitons may be
unobservable by any conceivable apparatus.

If this hypothesis were true, it would imply that
theories of quantum gravity are untestable and scien-
tifically meaningless. The classical universe and the

quantum universe could then live together in peaceful
coexistence. No incompatibility between the two pictures
could ever be demonstrated. Both pictures of the universe
could be true, and the search for a unified theory could
turn out to be an illusion. ■

The LIGO Livingston Observatory in Louisiana

Recommended Reading: Freeman Dyson was
awarded the 2012 Henri Poincaré Prize at the
International Mathematical Physics Congress in
August. On this occasion, he delivered the lecture
“Is a Graviton Detectable?” a PDF of which is
available at http://publications.ias.edu/poin-
care2012/dyson.pdf.

How Incompatible Worldviews Can Coexist

Freeman Dyson, Professor Emeritus in the School of
Natural Sciences, first came to the Institute as a
Member in 1948 and was appointed a Professor in
1953. His work on quantum electrodynamics marked
an epoch in physics. The techniques he used form the
foundation for most modern theoretical work in ele-
mentary particle physics and the quantum many-body
problem. He has made highly original and important
contributions to an astonishing range of topics, from
number theory to adaptive optics.
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